Introduction
Atrial fibrillation (AF) is the most common arrhythmia in the world with an increasing incidence in our aging population. It is associated with significant morbidity and mortality secondary to its detrimental sequelae [1, 2] . AF accounts for about 25% of all strokes in patients older than 80 years and increases a person's risk of stroke by fivefold [3] . The limitations of pharmacological therapy for AF have led to the development and proliferation of interventional approaches to treat this arrhythmia over the last two decades [4] [5] [6] [7] . These have included catheter ablation and surgery.
Following extensive experimental investigation, Dr. Cox introduced the maze procedure (CMP) for the surgical treatment of AF at our institution in 1987 [7] . The final version termed the Cox-maze III procedure proved to be highly efficacious with excellent long-term results and became the gold standard for the surgical treatment of AF for more than a decade [8] . In a long-term study of nearly 200 patients from our institution, the overall freedom of symptomatic AF was 97% at late follow-up [9] . For patients undergoing a stand-alone procedure, 80% of patients were free from symptomatic AF and antiarrhythmic drugs at late follow-up over 10 years following surgery. While these were excellent results, follow-up did not adhere to present guidelines and few patients had electrocardiograms (ECG) or prolonged monitoring. This makes a comparison to the modern series difficult. Moreover, the definition of AF recurrence did not adhere to the present accepted standards. The recent consensus statement for ablation of AF defined success as freedom from AF, atrial flutter, or atrial tachycardia off antiarrhythmic drugs and requires a minimum follow-up of 12 months. Recurrence was defined as any episode lasting over 30 s [10] . The minimal acceptable follow-up was felt to be a 24-h Holter monitoring.
Despite its high success rate, the CMP-III was not widely adopted by cardiac surgeons due to its technical complexity and invasiveness. In an effort to simplify and shorten the procedure, groups around the world, including our own, have used various alternative energy sources to create linear lines of ablation to replace most of the incisions of the original cut and sew CMP-III [11] [12] [13] [14] . After experimental studies in our laboratory, bipolar radiofrequency energy was adopted clinically at our institution because of its ability to safely and quickly create reliable transmural lines of ablation while minimizing the risk of collateral damage to surrounding structures [15] [16] [17] . A new iteration of the CMP was introduced by our group in 2002: the CMP-IV, which used bipolar radiofrequency ablation to replace most of the original incisions ( Fig. 1) [18] . The CMP-IV initially isolated the pulmonary veins and had only a single connecting ablation line between the right and left inferior pulmonary veins, termed as non-box lesion set. However, in 2004, a second connecting lesion was added between the two superior pulmonary veins, which completely isolated the posterior left atrium, termed as the box lesion set (Fig. 2) . While we have previously reported excellent initial results with this procedure, the majority of these patients underwent concomitant cardiac surgical procedures [9, 19, 20] . This report examines for the first time results for the stand-alone procedure in patients without concomitant cardiac pathology and represents the largest report of stand-alone CMP-IV in the literature. In this series, a more precise and stricter follow-up regimen was implemented, with all patients having either ECG or 24-h Holter monitoring at 3, 6, and 12 months and annually thereafter.
In previous reports, we have shown that the CMP-IV had significantly shorter operating times and lower morbidity than the traditional cut-and-sew CMP-III [20, 21] . In a propensity-matched population, we also demonstrated that the CMP-IV had similar freedom from AF at 6 and 12 months when compared to the CMP-III, despite more aggressive follow-up [20] . In this study, our prospectively collected data were analyzed to evaluate the long-term results of the CMP-IV in the treatment of lone AF in 100 consecutive patients. 
Methods
From January 2002 through May 2010, 100 patients underwent a stand-alone bipolar radiofrequency ablationassisted Cox-maze IV. Atrial fibrillation was defined as paroxysmal, persistent or long-standing persistent per recent guidelines [12] . All procedures were performed by the same surgeon (R.J.D). A bipolar radiofrequency clamp was used in all cases. In 72 patients (72%), the AtriCure Isolator systems, Isolator I, II, and Synergy series (AtriCure, Inc., Cincinnati, OH) were used. In 28 patients (28%), the procedure was performed with either the Medtronic Cardioblate BP or LP system (Medtronic, Inc., Minneapolis, MN). All of these devices used alternating current to produce coagulative thermal injury with the energy being applied between electrodes embedded in the jaws of the devices. Algorithms measuring tissue conductance or impedance were used to determine the time of ablation and to estimate when a transmural lesion had been achieved. This study was approved by the Washington University School of Medicine Institutional Review Board. Informed consent and permission for release of information were obtained from all patients.
Surgical technique
The CMP-IV was performed as a stand-alone procedure using cardiopulmonary bypass with bicaval cannulation. Patient underwent either a median sternotomy (n=79) or a right minithoracotomy (n=21) [22] . All patients underwent intraoperative transesophageal echocardiography, and cardioversion was performed when needed after the presence of a left atrial appendage clot was excluded. Pacing thresholds were measured from the superior and inferior right and left pulmonary veins, which were then isolated by placing the jaws of the bipolar radiofrequency ablation device on the surrounding cuff of atrial tissue. After ablation, electrical isolation was documented, when possible, by pacing from each pulmonary vein with a stimulus strength of 20 mA to confirm exit block. In all patients in whom pacing could be performed (93%), ablation was continued until exit block was documented from each pulmonary vein. In patients undergoing a right minithoracotomy, pacing was performed only from the right pulmonary veins.
Patients were cooled to 34°C and the right atrial lesion set was done on the beating heart (Fig. 3) . Our technique has been previously described [18] . A single incision was usually made in the right atrial free wall, but recently a three purse-string approach has been adopted to eliminate this incision in some patients. All ablations were performed with the bipolar radiofrequency clamp except for two endocardial ablation lines to the tricuspid annulus. These were performed with a linear cryoprobe placed on the endocardium and cooled to −60°C for 2-3 min.
The left atrial lesion set was performed under cardioplegic arrest using cold blood cardioplegia (Fig. 2) . Initially, the heart was retracted and the left atrial appendage was amputated. Through this opening, the bipolar clamp was used to create an ablation line into one of the left pulmonary veins. A small left atriotomy was then performed and the remainders of the ablation lines were completed with the bipolar clamp. Cryoablation was used to connect the isthmus ablation line to the mitral annulus. In patients undergoing a right minithoracotomy, cryoablation was more extensively applied to complete the posterior left atrial isolation and the left atrial appendage was oversewn from the inside [22] . 
Postoperative care and follow-up
The clinical demographics and postoperative outcome variables were collected prospectively in a longitudinal database. Prophylactic class I or III antiarrhythmic medication, as well as warfarin were initiated in most patients in the early postoperative period. Patients with postoperative atrial tachyarrhythmias (ATAs) were electrically cardioverted as needed. If patients were in sinus rhythm, antiarrhythmic drugs were discontinued after 2 months. Warfarin was discontinued at 3 months if patients were free of ATAs on prolonged monitoring. Echocardiograms were also obtained to rule out any atrial stasis or thrombus before discontinuation of warfarin.
Follow-up was conducted by scheduled office visits at 3, 6, and 12 months and annually thereafter. At each visit, history and physical examination and electrocardiogram were obtained. Since 2006, when new follow-up guidelines were established, 24-h Holter monitoring or pacemaker interrogation was obtained in 95% of patients. In the entire series, 67% of patients obtained prolonged monitoring during the first year of follow-up. Late recurrence was defined as any episode of AF, atrial flutter, or atrial tachycardia that lasted longer than 30 s. Any patient requiring an interventional procedure after 3 months was deemed a permanent failure. Patients were only considered to be a success if they were both free of AF and free of antiarrhythmic drugs (class I or III).
Statistical analysis
Continuous data were expressed as mean±standard deviation, unless otherwise specified and categorical data were expressed as counts and proportions. All data analysis was performed with the SPSS system for statistics (SPSS 11.0 for Windows, SPSS, Chicago, IL).
Results

Patient demographics
Patient demographics are shown in Table 1 . The mean age of the patients was 56±10 years (range, 29-75) with 76% males. The mean duration of preoperative AF was 7.4± 6.7 years (range, 0.1-28), with 31% paroxysmal, 6% persistent, and 63% long-standing persistent AF. Left atrial diameter was measured by echocardiography with a mean diameter of 4.7±1.1 cm (range, 2.5-8.0). The common reasons for surgical referral were failure of medical therapy in 53% and transient ischemic attacks or stroke in 12%. Forty percent of patients had failed a previous catheter ablation with a mean number of 2.6±1.3 (range, 1-6) interventions.
Perioperative results
The overall 30-day mortality was 1%. There were no intraoperative deaths. The only mortality occurred in a woman who suffered a pulmonary embolus on the day of discharge (postoperative day 19), despite being fully anticoagulated. The mean aortic cross-clamp time was 41± 13 min. This compares to a cross-clamp time of 93±34 min (p<0.001) in our previously published experience with the cut-and-sew CMP-III [9] . Seventy-eight percent of patients received a complete box lesion set isolating the entire Fig. 3 Right atrial lesion set of the Cox-maze IV procedure posterior left atrium. Patients had a median length of stay at the intensive care unit of 2 days (range, 1-7) and a median length of hospital stay of 7 days (range, 4-53). There was one postoperative stroke (1%). There were no re-operations for bleeding, episodes of mediastinitis or renal failure, and no implantations of an intra-aortic balloon pump. Early postoperative atrial arrhythmias were documented in 40% of patients. Seven patients (7%) required a postoperative pacemaker implantation. Two of the patients needed a pacemaker for chronotropic incompetence and five patients required a pacemaker for slow junctional rhythms.
Late follow-up
No patient was lost to follow-up at 12 months; follow-up was available on 50% of patients at 24 months. The mean follow-up in the series was 17±10 months. The freedom from AF recurrence was 94%, 93%, 90%, and 90% at 3, 6, 12, and 24 months, respectively. The freedom from both AF and antiarrhythmic drugs was 72%, 82%, 82%, and 84% at 3, 6, 12, and 24 months, respectively (Fig. 4) . In patients receiving a complete box lesion set (n=78), freedom from AF was 96% and freedom from AF off antiarrhythmic drugs was 86% after 1 year (Fig. 5) . This compares to patients receiving a non-box ablation set (n=22) with a freedom of AF of 79% and a freedom from AF off antiarrhythmic drugs of 47%. There was no significant difference in success rate off antiarrhythmic drugs for patients with paroxysmal AF (68%) versus patients with persistent or long-standing persistent AF (72%, p=0.886). There were no late strokes in this series. At 24 months, 84% of patients were free of anticoagulation therapy with warfarin. A comparison to the historical cohort of CMP-III patients is difficult because those patients were not followed according to present guidelines and virtually none of the patients had ECG follow-up at 6, 12, and 24 months. The recurrent arrhythmias were atrial fibrillation (80%), atrial flutter (10%), and atrial tachycardia (10%). 
Discussion
The Cox-maze procedure has had the best late results of any single interventional procedure for atrial fibrillation [9, 23, 24] . It was developed at our institution, and our experience over the last 20 years has led to a continual evolution of the original operation. The lesion set in the "cut and sew" CMP-III was empirically designed to interrupt all possible macroreentrant circuits [7, 25, 26] . The CMP-IV was designed to simplify this operation by using bipolar radiofrequency to replace most of the original incisions. Our results have shown that it has significantly decreased operative time and perioperative morbidity while preserving the high efficacy of the traditional procedure [20] . Bipolar radiofrequency energy was chosen because of its ability to reliably create transmural lesions in animal models [16, 17] . Linear ablations were able to be performed in 5-10 s as opposed to minutes required for other energy sources. Finally, the risk of collateral damage that has been reported with unipolar, unfocused energy sources is minimized by the focused application of energy within the jaws of the clamp [27] . Cryoablation was used in all locations not amenable to clamping: the tissue near the mitral and tricuspid annuli and occasionally, the coronary sinus. This energy source has been used safely and reliably for decades in arrhythmia surgery and has the advantage over heat-based ablation in that it preserves collagen and the structural integrity of myocardial and valvular tissue [28, 29] . At the present time the interventional treatment of choice for patients with symptomatic and drug-refractory lone AF is catheter ablation, based principally on isolating the pulmonary veins [5, 6, 10, 30] . However, results have been variable with single procedure success rates varying between 16 and 84% [10] . Moreover, certain patient subgroups have done poorly, particularly patients with longstanding persistent AF and large atria [31, 32] . In the recent consensus statement, the indication for surgical ablation include patients with symptomatic medically refractory AF who have failed one or more catheter ablations, who are not candidates for catheter ablation, or who prefer a surgical approach. This report examines the results with surgical ablation using a complete maze lesion set and modern definitions of AF recurrence and follow-up guidelines.
While our group has published extensively on our experience, prior reports have not followed recent guidelines in terms of recommended follow-up and definition of failure [12] . Moreover, our previous reports have generally been dominated by patients undergoing concomitant surgical procedures, which may not be comparable to the population of patients currently undergoing catheter ablation for lone AF.
This present series of 100 consecutive patients undergoing a stand-alone CMP-IV demonstrated an excellent long-term success rate with 90% of patients being free from AF and 84% being free from AF and off antiarrhythmic drugs after 2 years. As opposed to catheter ablation and surgical pulmonary vein isolation, the CMP-IV had similar success rates in paroxysmal and persistent AF [31, 32] . This compares favorably with our historical data from the CMP-III in which only symptomatic follow-up was obtained [9, 20] . While follow-up in the historical series was longer and showed a freedom from AF and antiarrhythmics of 80%, many of these patients did not have electrocardiographic or Holter monitoring to determine their actual heart rhythm. The CMP-IV requires a biatrial lesion set and is proven to have the same success rates in all types of AF. The attempt to decrease complexity by focusing on surgical pulmonary vein isolation with or without extended left atrial lesions is at the cost of efficacy with a 1-year drug-free success rate of about 65% [33, 34] .
A major concern about a surgical approach for treatment of lone AF is its invasiveness. The CMP-IV has significantly decreased cardiopulmonary bypass time as well as major complication rates when compared to our prior experience with the CMP-III. Moreover, with current technology, the procedure can be performed with a minimal invasive approach via a right minithoracotomy without compromising its efficacy [22] . This simplified procedure also makes it easier for a larger number of surgeons to adapt to this technique.
In our entire series, there was only one early stroke and no late strokes noted. Moreover, 84% of patients were off anticoagulation therapy after 24 months. Considering the serious possible side effect of warfarin, especially the higher risk of oral anticoagulation-associated intracranial hemorrhage, this fact might be critical in improving longterm quality of life [35] .
Any surgical approach has to compare favorably to the less invasive percutaneous catheter ablation to be considered an alternative in the treatment of lone AF. In a recent review including 19 studies, success rates of catheter ablation ranged from 6% to 93% [36] . The freedom from AF recurrence rates were slightly lower for paroxysmal AF treated with catheter ablation when compared to our results. A closer examination of patient groups suggested a success rate for a single procedure ranging from 22% to 45% in patients with persistent or long-standing persistent AF, with most centers reporting an efficacy of less than 30% in this group [10] . With 90% freedom from AF after a stand-alone CMP-IV, there was no significant difference in success rates between types of AF in our series.
There were several limitations to this study. While follow-up improved considerably over time, a third of patients only underwent follow-up with ECGs. Few patients had more prolonged monitoring than a 24-h Holter. This has likely resulted in an underestimation of the actual failure rate. However, this patient cohort has been well monitored compared to previous reports in literature and no patient was lost to follow-up. Overall, our series was not identical with regard to lesion set and surgical approach in all 100 patients. However, the only difference in the lesion set was the addition of a single extra ablation line later in our experience to allow for complete isolation of the posterior left atrium, termed as a box lesion set. The vast majority of patients received a box lesion set, which resulted in a significantly higher freedom from AF recurrence compared to an incomplete isolation of the posterior atrial wall [37] . The lower success rate in patients that did not receive a complete box lesion set has lead to an underestimate of the true success rate of the currently performed CMP-IV technique. The development of a minimally invasive approach via a right minithoracotomy had no influence on the lesion set or the success rate [22] . However, cryoablation was more extensively applied in these cases. Also, the mechanisms for AF recurrence were not well defined. One possible explanation of failure would be a lack of transmurality of some lesions, since only the efficacy of the pulmonary vein isolation was tested. However, previous experimental investigations in our laboratory have shown reproducible reliable transmural lines of ablation with bipolar radiofrequency energy [16, 17] . The question remains unanswered whether our failure rate was due to technical difficulties in creating a complete Cox-maze lesion set or inherent atrial pathology.
Understanding the methods of failure will be essential to improve surgical results. In our overall series a recent multivariate analysis of predictors of failure in 282 patients revealed that increased left atrial diameter, early ATAs within the first month following surgery, and failure to isolate the entire posterior left atrium predicted recurrence of AF [38] . Interestingly, the type of AF or the duration of preoperative AF was not found to be associated with higher recurrence rates. Future improvement in surgical results will come with a better understanding of the mechanisms of the arrhythmia in a particular patient in order to allow for a more patient-tailored lesion set. Our group has had early success with ECG-imaging in detecting the electrophysiological substrate in patients referred for ablation. This report gives a benchmark for the success rate of a full maze lesion set and will provide a useful comparison for new and less invasive surgical approaches currently under development.
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